Static testing of glass plates has shown a pronounced distribution in the plate strength. The origin of fracture location along the plate span, the corresponding critical tensile stress and the size of the critical flaw at the origin of fracture are failure characteristics of major importance. This paper provides data and insight into parameters influencing these failure characteristics through laboratory testing and analysis of soda lime glass, to find a rationale behind the observed disorder of their magnitudes and distributions.
Introduction
Glass is an important material that is used widely in the construction sector. It is used in window panes, curtain walls, vitrines, and even in special structures like bridges, inspection decks, staircases, etc. (Ledbetter et al. 2006 ). This study is focused on soda lime annealed glass that is a widely used common product for window glazing. It is made of well-defined materials (EN-572-1 2004) , and some mechanical properties like the Young's modulus and Poisson's ratio are quite well known. As maintenance and weathering affect the glass properties, as-received glass (henceforth denoted as new glass) is considered in this study to account for the natural properties only and exclude any other effect on its behaviour.
When two similar glass plates are tested under similar support conditions, and they are subjected to similar static loading, their failure characteristics are often very different (Dalgliesh et al. 1990; Norville et al. 1993) . The system of cracks may look entirely different, the origin of fracture (OF) is likely to be located at different coordinates and the magnitude of the critical loading that causes fracture is also different. The tensile strength in bending depends on the plate geometry, on the support conditions and on the loading setup. The magnitude of the ultimate loading and the location of the OF are key parameters for determination of the critical tensile stress at which fracture occurs. The magnitude of the critical stress at failure is different in every tested plate as a result of the above.
The strength determination of glass is performed according to standard tests in which a rather small number of some 30 specimens, of a standard size, are subjected to a standard loading setup. Loading of these one-way plates is performed under standard specified controlled conditions and the fracture load is determined. From these data it is expected to determine the experimental glass strength. Data compilation of all standard test series shows D r a f t 4 a pronounced distribution of the plate strengths, with a spread of even 30-50% of the mean strength (Veer et al. 2001) . Commonly, it is the critical tensile strength at failure which is reported, and attempts have been made to model its distribution by existing well-known functions like the Weibull distribution (Beason 1980; Beason et al. 1984) . For different test series, different parameters of the Weibull function yielded the best fit (Beason et al. 1984; Brown 1972; Sedlacek et al. 1995) ; this indicates that there are no universal Weibull constants to fit the different glass test data. Moreover, recent studies indicated that other common statistical functions like the Normal or the Log-normal distribution functions show an even better fit to some experimental data (Norhuda et al. 2010; Leon 2001) . This leads to a need to examine the distribution characteristics without assigning any predefined statistical function (Yankelevsky 2014 ).
Plate fracture is initiated at the OF, the location of which may be rather distant from the cross section at which a maximum bending moment is developed and in one-way plates it may be located at different points across the plate width. It seems that the OF may be located almost at any point on the plate surface, depending on the applied loading system, and it cannot be a priori predicted. Although standards focus on the strength and do not refer to the location of the OF, the latter is one of the plate's failure characteristics that is as important, because its location is related to the magnitude of the applied stresses at failure. Therefore, it is interesting and important to gain insight into this aspect as well as into the corresponding critical tensile strength at failure and the other related failure characteristics, and to examine the apparent disorder of the OF location and the magnitudes of other parameters.
Recently, a new stochastic model for glass plate analysis has been developed (Yankelevsky 2014) and it is capable of predicting the strength distribution of a sample of similarly loaded D r a f t 5 glass plates and the locations of their OF, based on an assumed distribution of flaws and without pre-assigning a common statistical distribution function.
The model is based on the assumption of numerous randomly distributed flaws on the glass plate surface and underneath the surface. In general, these flaws may originate from production and maintenance procedures, however in the case of new glass that is investigated here, only production flaws are considered, and all other possible sources of defects and flaws due to maintenance, handling, weathering, etc., are excluded. It is assumed that each flaw behaves like a small embedded crack that expands abruptly upon loading at its critical stress. The latter depends on the flaw characteristics. This new model (Yankelevsky 2014) refers to the flaw distribution and evaluates the corresponding critical stresses and the OF locations. The critical stresses at all flaws are compared with the applied stresses that result from the applied loading system, for a given plate geometry and boundary conditions. This enables the calculation of the coordinates of the OF and the critical stress that causes that fracture in each analyzed plate and a comparison of the probabilistic distribution of a sample of specimens with the test data.
This model is implemented in the present study to examine the test results of a sample of new soda lime glass standard-size specimens that were subjected to a standard four-point bending loading system. The comparison of the model predictions with the test results, and further investigation with the model, is most helpful to examine the model reliability, on the one hand, and to gain insight into glass plate behaviour and its major characteristics on the other hand.
Characterization of the critical flaw parameters
Consider a typical standard bending test, as mentioned above, that is conducted under standard specified conditions. Loading is monotonically increased at a constant loading rate until a sudden failure occurs. Several parameters pertaining to the failure may be recorded and analyzed:
a. The Location of the Critical Flaw -At the end of a typical test, the fragments of the fractured specimen are collected and assembled to restore the original specimen geometry, and the width and length coordinates of the fracture origin, where the critical flaw is activated, are measured. Two major parameters are obtained: the width coordinate that is measured in the specimen cross section containing the OF, indicates also whether the failure occurred on the specimen's face or along its edge. In the latter case, it may be argued that an edge failure may have occurred due to a flaw produced or affected by the specimen's cutting process; as opposed to a face flaw failure which is not attributable to cutting and processing.
To avoid the possible cutting effect on the results, the edge failure results can be excluded from the other results and examined separately to enable strength analysis of the face failure cases only. The length coordinate of the OF location determines the location of the critical section along the specimen axis at which failure occurs. This coordinate is necessary to determine the critical stress, at the OF location, as detailed in the following.
b. The Critical Stress -With the known length coordinate of the OF location, as well as the data regarding the loading setup and magnitude of the critical load, the bending moment at the critical cross section perpendicular to the specimen axis may be determined.
Considering one-way bending of the specimen under a four-point bending loading, a constant stress distribution across the specimen's width may be assumed and knowing the cross-D r a f t 7 section dimensions of the critical cross section yields the critical tensile stress at fracture of the tested specimen.
c. The Size of the Critical Flaw -A direct approach to determine the size of the critical flaw may be suggested through mapping of the flaws across the entire specimen area prior to performing the test and identifying the specific critical flaw at which failure was initiated by using the recorded coordinates of the OF location. This is an exhaustive procedure that needs to be repeated for each tested specimen, and moreover current technology does not offer a satisfying solution for its implementation. Alternatively, an indirect technique may be used to assess the size of the critical flaw. This is based on a post-test fractographic investigation of the fractured surface as described in the following. Assessing the size of the critical flaw is an important part of the overall clarification of the entire glass plate behaviour.
Earlier fractographic studies on glass show that the fracture-initiating flaw is surrounded by a smooth mirror zone that is defined by the mirror radius, r M . A mist zone is located between the hackle (defined by the hackle radius r H ) and the mirror zones 
Also, it has been extensively demonstrated that the product of strength and the square root of the mirror radius r M is constant (Mechnolsky 1974) . Thus, from measurement of the mirror radius, the radius of the critical flaw may be assessed and the critical stress may be determined.
D r a f t
In the following section, an extensive test program is described in which results of the above-discussed major parameters are described.
3.
Laboratory Tests on standard specimens
General
In order to study aspects of failure initiation in glass specimens, and especially focus on the major failure characteristics of the OF, the critical stress and the critical flaw size, a series of tests should be conducted. It is advantageous to follow a certain standard that is used to seems to be more practical as it can be conducted under modest laboratory conditions and consumes smaller amounts of material, thus allowing tests on more specimens than the minimum required (30 specimens) for a reasonable effort and cost.
Tests were therefore carried out on 250x38 mm plates with a span of 200mm, following all the standard requirements as specified in ASTM C158-02 (2012). All specimens were cut from larger, approximately 12 mm thick, new glass panes using the score-and-break technique.
Each specimen was then wrapped and sealed to protect it from any damaging effect and to
isolate it from temperature and humidity influences. It was unwrapped before its placement on the test setup supports. The test setup is shown in Figure 2 . All tests were performed using the same load frame and machined steel supports. Supports were free to rotate about two axes to eliminate the potential for uneven loading.
Test specimens were placed symmetrically across the supports where the specimen extended 25mm beyond the support on each side of the specimen. The specimen orientation was such that the surface, which was scored during the cutting process, was at the top, and upon bending it was thus in compression. This reduces a possible effect of the cutting process and fabrication-induced cracks, on the test results.
A safety precaution against glass fragments that may be released during fracture was Loading was applied at a uniform rate and was displacement-controlled. The displacement rate was about 0.012 mm/s to achieve the requisite stress rate of approximately 1.1 MPa/s as required by ASTM C158-02 (1.1±0.2 MPa/sec). The test instrumentation included an LVDT that was mounted underneath the test specimens, which was located at mid-span, and a load D r a f t cell for force measurements, the readings of which were compared with the readings of the test frame load cell for accuracy.
Upon loading the glass plate a linear force-displacement curve was observed on the LVDT reading until fracture, indicating the linear elastic brittle behaviour of the tested plates. At a certain stage of loading the plate reached its ultimate strength unexpectedly, and immediately broke into several large shards and more small pieces around the location of the OF. At the end of each test, the pieces were collected and assembled to restore the original shape of the specimen and its crack pattern just prior to failure.
The OF was identified in each specimen. One can classify the fracture origins as either an edge failure, where the OF lies along the plate's longitudinal edge, or a face failure, where the OF is located at the bottom surface of the plate, at a distance from the edge. The two different types of edge and face failure are shown in Figure 4 .
As was mentioned above, face failure cases are examined separately to avoid the possible cutting effect on causing edge failure and affecting the results.
Four-Point Bending Test Results
A total of 83 specimens were tested in four-point bending in accordance with ASTM C158-02 (2012); 56 of them underwent face failure. This sample size is considerably larger than the minimum number of 30 specimens that is required by the standard ASTM C158-02 (2012).
The major experimental failure characteristics of the face failure specimens are detailed in the following:
a. The Location of the Origin of Fracture -The measured longitudinal coordinate from the specimen end is given in Table 1 (column 3) and its distribution is shown in Figure 5 .
The OF locations are widely spread along the plate and across its width. They ranged within and beyond the load span of 100mm, from a short distance somewhat to the left of the lefthand-side load and to the right of the right-hand-side load, as can be seen in the Figure 5 . The density varies along the load span; this is a typical variation in relatively small sample sizes, whereas it is expected that in very large sample sizes an almost constant density will appear along the load span. The observed density variation in these test series looks arbitrary and shows no special significant trend. Different repeated tests of other samples are likely to show different distributions.
b. The Critical Tensile Bending Stress at Fracture -The magnitude of the tensile bending stress at failure for each specimen was calculated with the specific data of the critical load at failure, the location of the OF and the critical cross-section geometry, for which the width and height of the critical cross section were measured. The calculated stresses are given in Table 1 (column 2) and the distribution of their magnitude is shown in Figure 6 .
The tensile stress at failure varies widely between 53MPa and 129MPa with a mean stress of 79.63MPa. This is a significant range between the smallest and largest stress magnitudes, with a variation of % 48 ± from the mean stress. Although the distribution indicates a higher density around 80MPa and lower densities at the lower and higher stress range ends, the distribution shape is far from having a smooth bell-shaped distribution that would be expected for a considerably larger sample of specimens and its variation looks unpredictable. In this loading case it is also noticed that the fracture origin may be located at almost any point along the plate axis and across its width, except for the vicinity of the supports. The crack patterns and the shapes of fractured plates are very different from each other.
d. Size of Critical Flaw -Fractograpic microscopic measurements of the fractured specimens were carried out and typical pictures of the fracture origin were obtained ( Figure   8 ). Measurements of the mirror radius were taken for all tested specimens (Table 1 , column 4). Following the procedure described in section 2-c above, the approximate radius of the critical flaw was calculated (Table 1, 
The critical flaw
Numerous tests including the above-described series of tests demonstrate that glass is a brittle material that behaves as an elastic solid at fracture. It is assumed that fracture of glass initiates at the location of a crack that first opens up due to the stresses acting on it. This is the critical crack.
Due to the distribution of flaws the critical crack is not necessarily located at the point of maximum tensile stress. Based on earlier works (Griffith 1920; Irwin 1962) , a well-known expression correlating the failure stress σ and half length of the critical crack "b" is given by:
Where Y is a geometrical factor, depending on the flaw shape; for example: 1.12 for a general surface crack (Irwin 1962 With given values of the fracture toughness and crack shape coefficient, a relationship between the critical stress and the flaw size is defined in eq. 3. However, an alternative expression is suggested in the following, with support of the experimental findings above.
Eq. (2) shows that the critical stress is inversely proportional to the square root of the mirror radius size. It may be used to express a relationship with the critical flaw size using eq.
(1). As this relationship is similar to eq. (3) above, equating the stress terms in eq. (3) 
The distribution of the flaw sizes
Many studies bypass the flaw distribution issue, and prefer to focus on the distribution of the measured ultimate capacity and fit a predefined known common statistical function to represent this distribution. The present model considers the flaws in glass as a fundamental property of the glass plate that governs its behaviour, and therefore a flaw distribution map is required. There is only limited information about the distribution of flaws in glass and this is insufficient to provide a general flaw map for implementation in the model. Therefore, a general flaw distribution model that is based on logical considerations has been hypothesized with limited data from a recent preliminary study (Wereszczak 2014) , where the measured density of flaws in soda lime glass varied between 1.18-2.60 flaws/cm 2 . The flaw distribution model is described in detail in (Yankelevsky 2014) .
Algorithm to identify the OF location
The flaws are distributed over the surface of the basic glass plate according to the abovedescribed flaw distribution function, to produce the global flaw map of the basic plate. A random selection of the location of each specimen is assigned and the cut-out specimen dimensions and location in the basic plate are specified to determine the specific specimen flaw map that is generated from the global flaw map. For a given flaw map, of a given specimen, a corresponding map of the critical stresses may be produced using eq. 3.
At this point the aspect of the crack orientation should be discussed. Clearly the orientation of a crack with respect to the global coordinate system that is aligned with the specimen length and width should be considered in addition to the flaw size and location. The critical stress that is perpendicular to the flaw axis is related to the critical bending stress in the specimen through stress transformation from the crack local coordinate system to the global coordinate system. Lack of probabilistic information on crack orientation requires assumptions of a statistical orientation function and its incorporation into the analysis (Beason 1980; Norhuda et al. 2010 ). This introduces an extra degree of freedom in the present analysis. To avoid this, eq. 4-a can be used instead of eq. 3. This equation incorporates the flaw shape and the critical stress intensity factor, as explained in section 4.2, but also correlates the flaw size with the bending stress that is the stress in the longitudinal specimen direction. That means that the parameter A (eq. 4) correlates the critical flaw size with the tensile bending stress in the specimen span direction, and therefore already includes D r a f t the transformation effect of the critical stress in its direction perpendicular to the crack axis to the critical bending stress in the direction of the applied bending stresses. The obtained experimental value for A, with its rather small standard deviation, thus promises a reliable representation of the glass behaviour.
Subcritical crack growth causes the flaw population size to be time-dependent as it is affected, among other factors, by loading rate and humidity. In the present study all tests have been conducted according to a certain standard and all test conditions strictly comply with the standard requirement including the specified loading rate and environmental conditions of temperature and humidity. The parameter A is determined from this test series and the following model analysis refers to these same conditions, to simulate these test results in general terms to gain the required insight. Thus, the parameter A already includes the aspects of subcritical crack growth for this series of tests and there is no need to consider any further subcritical crack growth aspects in this study.
The present model compares the applied bending stresses that are calculated from the given specimen geometry, boundary conditions and loading, with the critical bending stresses at the flaw locations. This determines the OF location and the corresponding stress, from which the maximum bending stress, maximum bending moment and critical applied load are determined. This is a straight-forward and fast procedure that is demonstrated in the following section. A Monte Carlo simulation is carried out for a large sample size with many specimens and the accumulated results are gathered and analyzed. The mean tensile stress at failure for a sample of 5000 specimens is 82.91 MPa, which is slightly larger than the average experimental tensile stress (79.63 MPa) of the 56 specimens.
A rather wide range of strength is predicted, similar to the experimental observation.
The model was used once again to predict some 30 samples of 56 specimens each. Every prediction yielded another different disordered density distribution of the tensile bending stress at failure. Figure 13 shows a comparison of the cumulative probability of the D r a f t 20 experimental test data with and the cumulative probability curves of all predicted 56-specimen-size samples. Figure 13 shows the scatter of small size samples that form a band of predicted results. The experimental test data falls within this band and indicate that the model can predict a result that is similar to the test data. The mean stress of the experimental sample is located at about the mid-width of the prediction band.
c. Size of Critical Flaw -Fractographic measurements of the mirror radius, from which the size of the critical flaw was derived, have been described above. The model was also implemented to predict the critical flaw size distribution. Figure 14 shows the critical flaw size distribution that was predicted by the model for a sample of 5000 specimens and its comparison with the experimentally derived distribution.
The model predicts a similar range of critical flaw radii and, despite the experimental density fluctuations due to the small sample size, both distributions show a similar trend. It can be concluded that there is a good correspondence between the density distributions of the experimental data and model predictions, for critical flaw size.
Discussion and Conclusions
A series of strength tests on standard soda lime glass plate specimens has been carried out under controlled conditions. The specimens were subjected to a four-point loading system.
Only specimens with face failure damage were considered, and edge failure cases were eliminated. Test data show that the location of the OF varies considerably, along most of the specimen span. There was no connection with the location of maximum bending moment.
Also, the appearance of the cracking pattern and the fracture is highly variable too. The 
